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Introduction {#sec1-1}
============

Parkinson's disease (PD) is mainly induced by the degeneration of the dopamine neurons in the midbrain substantia nigra pars compacta (SNc) (Zhou et al., 2017). This transforms the neural circuits of the basal ganglia, resulting in the impairment of control of voluntary movement in PD patients. Tremor, rigidity, slow and abnormal gait movement disorder are the main clinical symptoms of PD (Javidnia et al., 2017). In addition, there is widespread evidence of non-motor symptoms in PD patients, including cognitive impairment and emotional disorders such as depression and anxiety (Löhle et al., 2009). So far, the pathophysiological basis of non-motor symptoms in PD patients remains unclear.

The degenerative changes in the nigrostriatal pathway lead to morphological and/or functional abnormalities of many brain regions in patients and animal models of PD (Martinez and Peplow, 2018). The mediodorsal thalamic nucleus (MD) is a relay station for efferent and afferent projections between the prefrontal cortex (PFC) and subcortical regions. The circuit also involves the striatum, globus pallidum and ventral tegmental area. The MD plays an important role in emotion, cognition, learning and memory (Phillips et al., 2003; García-Cabezas et al., 2007; Mitchell et al., 2007). Clinical evidence suggests that MD damage caused by tumors, accidental injuries or degenerative diseases can lead to amnesia (Squire and Moore, 1979) or dementia (Victor et al., 1971) in humans. The cognitive impairment, sleep disturbances, depression and dysosphresia in PD patients are similar to the clinical features of MD dysfunction. Converging evidence has shown a direct relationship between the morphological and metabolic changes of the mediodorsal, or limbic, thalamus and depressive symptoms (Young et al., 2004; Li et al., 2010). Voxel-based morphometry analysis shows bilateral increased volume of the MD in patients with PD depression (Cardoso et al., 2009). Furthermore, a previous study by our research group indicated that degenerative changes in the nigrostriatal pathway induced hyperactivity of MD neurons (Li et al., 2013). These findings strongly suggest that MD dysfunction appears to be a pathophysiological and etiologic factor for non-motor symptoms such as depression, anxiety and cognitive impairment in PD patients.

The medial prefrontal cortex (mPFC) is a confined area, but functionally the most advanced for comprehensive cognitive processing. It does not directly accept fiber projection from outside the central nervous system (Riga et al., 2014). Neurons of the mPFC mainly include glutamate projection neurons (pyramidal neurons) and γ-aminobutyric acid inhibitory interneurons (Gabbott et al., 1997). Several studies have found that the MD thalamus is the core structure for processing nerve information in and out of different areas of the PFC (Cross et al., 2012). The reciprocal connections between the MD and mPFC suggest that the MD also participates in some important functions of the mPFC. For many species of animals, the mPFC plays an important role in cognition and mood regulation. The dysfunction of the mPFC is associated with affective disorders and non-motor features in PD (Cummings, 1992; Ridderinkhof et al., 2004). In spite of these early findings, the exact role that the MD plays in PFC function has yet to be revealed. It is worth noting that the functional changes of the MD may be associated with PFC dysfunction in PD patients. To investigate the possible impact of the MD on the neural function of the mPFC at different periods after the SNc was lesioned by 6-hydroxydopamine (6-OHDA), the effect of MD lesions on mPFC firing activity of SNc-lesioned rats was examined using electrophysiological techniques.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Ninety-seven healthy clean male Sprague-Dawley rats aged 9--11 weeks and weighing 260--350 g were provided by the Experimental Animal Center of Shaanxi Province, Xi'an, China (license No. SCXK \[Shaan\] 2018-001). The experiment was conducted on the following six groups of rats: (1) normal rats (*n* = 15); (2) rats 3 weeks after unilateral SNc lesion (*n* = 17); (3) rats 5 weeks after unilateral SNc lesion (*n* = 15); (4) rats with unilateral MD lesion (*n* = 15); (5) rats with combined MD and SNc lesions after 3 weeks (*n* = 18); and (6) rats with combined MD and SNc lesions after 5 weeks (*n* = 17). All experiment procedures followed the Guidance of the National Institute of Health on the Care and Use of Laboratory Animals (NIH publication No. 80-23, revised 1996) and the guidelines of the Institutional Animal Care and Use Committee of Xi'an Jiaotong University, China (approval No. XJTULAC2017-067) on August 26, 2017. Every effort was made to minimize the number and suffering of animals used in experiments.

Unilateral injection of 6-OHDA damages SNc {#sec2-2}
------------------------------------------

The method to cause unilateral SNc damage was the same as described previously (Fan et al., 2011). In brief, the rats were anesthetized with 4% chloral hydrate (400 mg/kg, intraperitoneally) and pretreated with desipramine (Sigma-Aldrich, St. Louis, MO, USA), dissolved in normal saline, 25 mg/kg, intraperitoneally, to protect norepinephrine neurons from 6-OHDA toxicity. Subsequently, the rats were fixed on a stereotaxic frame (SN-2N, Narishige, Tokyo, Japan). 6-OHDA (Sigma-Aldrich; dissolved in saline containing 0.01% ascorbic acid, 8 µg/4 µL) was injected into the right SNc (anteroposterior -- 5.0--5.2 mm, lateral 1.9--2.0 mm, dorsal 7.1--7.2 mm; Paxinos and Watson, 2005). The injection was made at a rate of 0.5 µL/min using a glass micropipette connected to a 10 µL microsyringe. At 1 week after the operation, the rats were injected subcutaneously with apomorphine 0.05 mg/kg body weight (the apomorphine, Sigma-Aldrich, was dissolved in saline containing 0.01% ascorbic acid). Only rats that rotated to the unlesioned side more than 20 times every 5 minutes were selected for the subsequent experiment.

Unilateral injection of ibotenic acid damages MD {#sec2-3}
------------------------------------------------

The rats were anesthetized with 4% chloral hydrate (400 mg/kg, intraperitoneally) and fixed on the stereotaxic frame (SN-2N, Narishige, Tokyo, Japan). The three-dimensional coordinates of MD were determined: anteroposterior −2.8 mm, lateral 0.5−0.6 mm, dorsal 5.3 mm (Paxinos and Watson, 2005). The 1 µL microsyringe (Hamilton, Reno, NV, USA), closely connected with the glass microelectrode, was used to slowly position the needle at the determined coordinates. Ibotenic acid (Sigma-Aldrich) was dissolved in PBS (10 µg/µL) and 0.3 µL was injected into MD at a rate of 0.1 µL/min. All rats were given 80 thousand units of penicillin, subcutaneously, before and after operations to prevent infection. For the groups with combined SNc and MD lesions, one group had ibotenic acid injected into the MD 1 week after SNc lesions, the other group 3 weeks after (**[Figure 1](#F1){ref-type="fig"}**). A previous report showed that mechanical injury during drug injection had no effect on neuronal discharge activity (Wang et al., 2009).

![Experimental procedures for each group.\
6-OHDA: 6-Hydroxydopamine; IBO: ibotenic acid; MD: mediodorsal thalamic nucleus; SNc: substantia nigra pars compacta; w: weeks.](NRR-14-1635-g002){#F1}

Electrophysiological recordings {#sec2-4}
-------------------------------

The electrophysiological recording of mPFC neurons was conducted at 3 and 5 weeks after SNc lesions (SNc-lesioned rats) and 2 weeks after MD lesions (MD-lesioned rats and double lesion rats). After 4% chloral hydrate anesthesia (400 mg/kg intraperitoneally), rats were fixed on a stereotaxic instrument. A heating pad was used to keep the rectal temperature at 37 ± 0.5°C during the whole electrocardiogram monitoring. A glass microelectrode (World Precision Instruments, Sarasota, FL, USA) (8--12 MΩ) filled with 2% pontamine blue was directed stereotaxically to the mPFC (anteroposterior 2.8--3.4, lateral 0.6--1.0, dorsal 1.5--3.9). The neuronal discharge was displayed on an oscilloscope (VC-11, Nihon Kohden, Tokyo, Japan) *via* a microelectrode amplifier and fed into a computer equipped with Spike 2 analysis software (Cambridge Electronic Design, Cambridge, UK) for online or offline analysis. The recorded mPFC pyramidal neurons displayed wide action potentials (\> 1 ms) and irregular discharge patterns with burst activity (Tseng et al., 2006). The interneurons exhibited narrow action potentials (\< 0.85 ms) (Constantinidis and Goldman-Rakic, 2002).

The discharge pattern was judged by comparing the inter-spike interval histogram (bin width = 4 ms) with the visual observation of the discharge sequence. According to the inter-spike interval histogram and discharge sequence, discharge patterns were divided into the following types: (1) regular, or slightly irregular, discharge, where the inter-spike interval histogram is approximately normally distributed; (2) irregular discharge, the inter-spike interval histogram is asymmetrically distributed; (3) burst discharge, the inter-spike interval histogram presents a significant positive skewed distribution. The coefficient of variation of the mean inter-spike interval (ISI) was also calculated (Breit et al., 2001). The determination of the discharge patterns and the calculation of all parameters required recording at least 500 continuous spikes.

Histological and immunohistochemical staining {#sec2-5}
---------------------------------------------

Nissl staining of the mPFC and MD sections determines the location of the recording point and the extent of the MD lesion. After electrophysiological recording, the last recording site was marked by electrophoresis of pontamine blue (−20 µA, 15 minutes). Under an overdose of anesthesia, the rats were perfused with 200 mL saline through the heart, and then fixed with 4% paraformaldehyde 200 mL. The brain was taken and fixed for 4 hours in the same fixative, followed by 25% sucrose solution overnight. All samples were frozen and cut into 40 µm thick coronal sections using a cryostat. Briefly, sections were placed in xylene and gradient alcohol for dewaxing and dehydration, stained with 0.1% cresyl violet for 30 seconds, washed with distilled water, dehydrated and sealed.

To observe the degree of degeneration of dopamine neurons after 6-OHDA injection, tyrosine hydroxylase (TH) immunohistochemical staining was performed on frozen sections of the SNc. Briefly, sections were incubated with anti-TH polyclonal antibody (rabbit anti-rat, 1:1000, AB 152; Chemicon, San Diego, CA, USA) at 4°C for 48 hours, biotinylated goat anti-rabbit IgG (1:200; Chemicon) for 2 hours and avidin-biotin-peroxidase complex (1:100; Vector Laboratories, Burlingame, CA, USA) for 2 hours at room temperature. Next, the sections were exposed at room temperature for 5−10 minutes to 0.05% 3,3′-diaminobemidine (Sigma-Aldrich) solution used as the chromogen in subsequent chromogenic reactions. Finally, these sections were rinsed and mounted on gelatin slides. After dehydration, the slides were cleared in xylene and sealed. The staining was quantified under a microscope (BX51; Olympus, Tokyo, Japan). The count of the dopamine neuron bodies in the SNc and ventral tegmental area was carried out on two representative sections per rat. Only rats with a complete absence of TH-positive neurons of SNc were included in the statistical analysis.

Statistical analysis {#sec2-6}
--------------------

All data are represented by the mean ± SEM or number (percent). SPSS 16.0 (SPSS, Chicago, IL, USA) was used for statistical analysis. One-way analysis of variance was used to compare the discharge frequency of each group. The comparison of mean ISI variation coefficient was performed by Mann-Whitney *U* test. The comparison of the discharge patterns distribution of neurons in different groups was performed by the chi-square test. The number of positive neurons of the SNc and ventral tegmental area in the lesioned and unlesioned sides of the SNc-lesioned rats was assessed using the Student's paired *t*-test. *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Location and electrophysiological feature of the recording neurons {#sec2-7}
------------------------------------------------------------------

All electrophysiological recording sites were labeled by the glass microelectrode electrophoresis pontamine blue and confirmed by histological staining to be located in the mPFC (**[Figure 2A](#F2){ref-type="fig"}**). The characteristics of all mPFC pyramidal neurons and interneurons recorded were consistent with previous results (Constantinidis and Goldman-Rakic, 2002; Tseng et al., 2006) (**[Figure 2B](#F2){ref-type="fig"}**).

![Location and electrophysiological characteristics of recorded neurons in the mPFC of rats.\
(A) Electrophysiological recording sites (arrow) labeled by iontophoretically injected pontamine blue were shown by Nissl staining of mPFC. Scale bar: 400 µm. (B) Spontaneous electrical activity and action potential waveform of representative mPFC pyramidal neurons (upper) and interneurons (under) in normal rats. mPFC: Medial prefrontal cortex; s: seconds.](NRR-14-1635-g003){#F2}

Feature of TH-immunoreactive neuron loss in the SNc and ventral tegmental area and the extent of MD lesion {#sec2-8}
----------------------------------------------------------------------------------------------------------

6-OHDA-lesioned rats rotated to the unlesioned side more than 20 times every 5 minutes (53 ± 3 turns/5 min) after subcutaneous injection of apomorphine and completely lost TH immunoreactivity in the SNc (**Figure [3A](#F3){ref-type="fig"}** and **[B](#F3){ref-type="fig"}**). TH-immunoreactive neurons in ventral tegmental area were also reduced by 41 ± 2% on the lesioned side (*n* = 12; *P* \< 0.001; Student's paired t test; **Figure [3A](#F3){ref-type="fig"}** and **[B](#F3){ref-type="fig"}**). Nissl staining showed the location and range of ibotenic acid-induced lesions within the MD (**Figure [3C](#F3){ref-type="fig"}** and **[D](#F3){ref-type="fig"}**).

![TH immunohistochemical staining of the SNc/VTA and Nissl staining of the lesion of the MD in rats.\
(A) TH immunohistochemical staining images showed the comparison of dopamine neurons between the injected side (left) and non-injected side (right) in the 6-OHDA-lesioned rat. (B) Proportion of TH-immunoreactive neurons loss in SNc and VTA of the 6-OHDA-lesioned rat. (C) Nissl staining showed contrast with unlesioned side (right), damage effect of ibotenic acid injection on MD (left), and the location map of MD (D). Scale bars: 200 µm. D3V: Dorsal 3^rd^ ventricle; MD: mediodorsal thalamic nucleus; MDM, MDC, MDL: mediodorsal thalamic nucleus, medial part, central part, lateral part; MHb: medial habenular nucleus; MTN: medial terminal nucleus; SNc: substantia nigra pars compacta; TH: tyrosine hydroxylase; VTA: ventral tegmental area.](NRR-14-1635-g004){#F3}

mPFC neuronal activity in normal rats {#sec2-9}
-------------------------------------

In the normal group, the mean discharge frequency of pyramidal neurons was 1.26 ± 0.12 spikes/s (*n* = 59; **[Table 1](#T1){ref-type="table"}**). Most pyramidal neurons (75%) discharged irregularly, and only 25% were in bursts (**[Figure 4](#F4){ref-type="fig"}**). The mean coefficient of variation of ISI was 1.2 ± 0.07 (**[Table 1](#T1){ref-type="table"}**). The mean discharge frequency of interneurons was 9.35 ± 1.16 spikes/s (*n* = 39; **[Table 1](#T1){ref-type="table"}**). The discharge patterns of interneurons were 51% irregular and 49% burst types (**[Figure 4](#F4){ref-type="fig"}**). The mean coefficient of variation of ISI was 1.49 ± 0.07 (**[Table 1](#T1){ref-type="table"}**).

###### 

Comparision of discharge frequency and coefficients of variation of ISI of mPFC pyramidal neurons or interneurons between groups

  Type of neurons      Group     Number of neurons (number of rats)   Discharge frequency (spikes/s)   Coefficient of variation of ISI
  -------------------- --------- ------------------------------------ -------------------------------- ---------------------------------
  Pyramidal cells                                                                                      
                       Normal    59 (6)                               1.26±0.12                        1.20±0.07
  SNc lesions 3 W      47 (6)    2.12±0.25^\*^                        1.59±0.07^\*\*^                  
  SNc lesions 5 W      46 (5)    2.81±0.41^\*\*^                      1.32±0.04                        
  MD lesions           56 (6)    2.36±0.27^\*\*^                      1.74±0.11^\*\*^                  
  SNc+MD lesions 3 W   57 (6)    1.58±0.18                            1.59±0.06^\*\*^                  
  SNc+MD lesions 5 W   61 (7)    2.69±0.33^\*\*^                      1.72±0.06^\*\*^                  
  Interneurons                                                                                         
                       Normal    39 (9)                               9.35±1.16                        1.49±0.07
  SNc lesions 3 W      45 (11)   6.25±0.64^\*^                        1.63±0.04^\*^                    
  SNc lesions 5 W      36 (10)   6.55±0.81^\*^                        1.56±0.07                        
  MD lesions           44 (9)    6.55±0.68^\*^                        2.02±0.08^\*\*^                  
  SNc+MD lesions 3 W   43 (12)   9.05±1.04                            1.82±0.08^\*\*^                  
  SNc+MD lesions 5 W   37 (10)   6.47±0.94^\*^                        1.59±0.05                        

Data in discharge frequency and coefficient of variation of ISI are expressed as the mean ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, *vs*. normal rats. One-way analysis of variance was used to compare the discharge frequency of each group. The comparison of coefficient of variation was performed by Mann-Whitney *U* test. mPFC: Medial prefrontal cortex; ISI: inter-spike interval; SNc: substantia nigra pars compacta; MD: mediodorsal thalamic nucleus; W: weeks.

![Discharge patterns of neurons recorded in the mPFC of rats.\
Representative sample of spontaneous activity of medial prefrontal cortex neurons showed discharge pattern of neurons and corresponding inter-spike interval histogram (bin width = 4 ms) (A, irregular discharge; B, bursting discharge). (C) Distribution of discharge pattern of mPFC pyramidal neurons or interneurons in each group. \**P* \< 0.05, \*\*\**P* ≤ 0.001, *vs*. normal group (one-way analysis of variance). mPFC: Medial prefrontal cortex; SNc: substantia nigra pars compacta; MD: mediodorsal thalamic nucleus.](NRR-14-1635-g005){#F4}

mPFC neuronal activity in SNc-lesioned rats {#sec2-10}
-------------------------------------------

At 3 weeks after SNc lesions, the mean discharge frequency of mPFC pyramidal neurons significantly increased in the SNc-lesioned group (2.12 ± 0.25 spike/s) compared with normal group (*n* = 47, *P* \< 0.05; one-way analysis of variance; **[Table 1](#T1){ref-type="table"}**). There was an increase in neurons exhibiting the burst-discharge pattern, with 53% of pyramidal neurons exhibiting irregular discharge and 47% exhibiting burst-discharge pattern (χ^2^ = 10.5, *df* = 1, *P* = 0.001; chi-square test; **[Figure 4](#F4){ref-type="fig"}**). The mean coefficient of variation of ISI increased to 1.59 ± 0.07 (*P* \< 0.001, Mann-Whitney *U* test; **[Table 1](#T1){ref-type="table"}**). However, the mean discharge frequency of interneurons decreased (6.25 ± 0.64 spike/s) compared with normal rats. Discharge patterns were more likely to be burst-discharge, with 36% of the interneurons exhibiting irregular discharge and 64% showing burst-discharge pattern (χ^2^ = 4.6, *df* = 1, *P* \< 0.05; chi-square test; **[Figure 4](#F4){ref-type="fig"}**). The mean coefficient of variation of ISI (1.63 ± 0.04) was significantly higher than that of normal group (*P* \< 0.05, Mann-Whitney *U* test; **[Table 1](#T1){ref-type="table"}**), another indication that the interneurons of SNc-lesioned rats tended to exhibit a more burst-discharge pattern.

At 5 weeks after SNc lesions by 6-OHDA, the mean discharge frequency of pyramidal neurons (2.82 ± 0.41 spike/s) was significantly higher than that of the normal group (*n* = 46, *P* \< 0.01; one-way analysis of variance; **[Table 1](#T1){ref-type="table"}**). Compared with normal rats, the discharge pattern was more prone to burst-discharge, 33% of pyramidal neurons showed irregular discharge, and 67% showed burst-discharge (χ^2^ = 35.5, *df* = 1, *P* \< 0.001; chi-square test; **[Figure 4](#F4){ref-type="fig"}**). The mean coefficient of variation of ISI (1.32 ± 0.04) was slightly increased compared with the normal group.

The mean discharge frequency of the interneurons significantly decreased (6.55 ± 0.81 spikes/s) compared with normal group (*n* = 36, *P* \< 0.05; one-way analysis of variance; **[Table 1](#T1){ref-type="table"}**). The proportion of bursting neurons increased to 58% and that of irregular neurons was only 42%, but there was no significant difference from the normal group (**[Figure 3](#F3){ref-type="fig"}**). The mean variation coefficient of ISI was unchanged at 1.56 ± 0.07.

mPFC neuronal activity in MD-lesioned rats {#sec2-11}
------------------------------------------

The mean discharge frequency of mPFC pyramidal neurons (2.36 ± 0.27 spikes/s) was significantly higher than that of the normal group 2 weeks after ibotenic acid-induced lesions of the MD (*n* = 46, *P* \< 0.01; one-way analysis of variance; **[Table 1](#T1){ref-type="table"}**). The distribution of discharge patterns was 36% irregular and 64% bursting neurons. The proportion of bursting neurons significantly increased (χ^2^ = 30.8, *df* = 1, *P* \< 0.001; chi-square test; **[Figure 4](#F4){ref-type="fig"}**). The mean coefficient of variation of ISI significantly increased to 1.75 ± 0.11 compared with the normal group (*P* \< 0.001, Mann-Whitney *U* test; **[Table 1](#T1){ref-type="table"}**).

The mean discharge frequency of interneurons (6.55 ± 0.68 spike/s) was significantly lower than that of the normal group (*n* = 44, *P* \< 0.05; one-way analysis of variance; **[Table 1](#T1){ref-type="table"}**). Discharge patterns tended to be more of the irregular type, with burst-discharge pattern (39%) and irregular-discharge (61%) (**[Figure 4](#F4){ref-type="fig"}**). The mean coefficient of variation of ISI was significantly higher than that of the normal group (*P* \< 0.001; Mann-Whitney *U* test, **[Table 1](#T1){ref-type="table"}**).

mPFC neuronal activity in rats with SNc + MD combined lesions {#sec2-12}
-------------------------------------------------------------

Neuronal activity in the mPFC was recorded during the third and fifth weeks after combined SNc and MD lesions. At 3 weeks, the discharge frequency of mPFC pyramidal neurons slightly increased (1.58 ± 0.18 spikes/s; *n* = 57), but not significantly, compared with the normal group (**[Table 1](#T1){ref-type="table"}**). This suggests that the discharge frequency of the pyramidal neurons returned to normal levels. The percentage of burst-discharge neurons significantly increased to 56% (χ^2^ = 19.9, *df* = 1, *P* \< 0.001; chi-square test; **[Figure 4](#F4){ref-type="fig"}**). The mean coefficient of variation of ISI significantly increased to 1.59 ± 0.06 (*P* \< 0.001, Mann-Whitney *U* test, **[Table 1](#T1){ref-type="table"}**). Furthermore, the mean discharge frequency of interneurons had no significant change compared with the normal group (**[Table 1](#T1){ref-type="table"}**). The discharge pattern, 62% irregular and 38% bursting neurons, indicated no significant difference from the normal group. The mean coefficient of variation of ISI (1.82 ± 0.08) was higher than that of the normal group (*P* \< 0.001; Mann-Whitney *U* test; **[Table 1](#T1){ref-type="table"}**).

During the fifth week, the mean discharge frequency of pyramidal neurons in the mPFC significantly increased (2.69 ± 0.33 spike/s) compared with the normal group (*n* = 61, *P* \< 0.01; one-way analysis of variance; **[Table 1](#T1){ref-type="table"}**). The discharge patterns of these neurons tended to show burst-discharge activities, with 49% showing irregular discharge patterns and 51% showing burst-discharge patterns (χ^2^ =14.3, *df* = 1, *P* \< 0.001; chi-square test; **[Figure 4](#F4){ref-type="fig"}**). The mean coefficient of variation of ISI (1.72 ± 0.06) was significantly increased compared with the normal group (*P* \< 0.001, Mann-Whitney *U* test; **[Table 1](#T1){ref-type="table"}**).

The discharge frequency of interneurons (6.47 ± 0.94 spike/s) was significantly lower than that of the normal group (*n* = 37, *P* \< 0.05; one-way analysis of variance; **[Table 1](#T1){ref-type="table"}**). The majority (62%) of interneurons showed irregular discharge patterns and 38% exhibited burst-discharge patterns (**[Figure 4](#F4){ref-type="fig"}**). The mean variation coefficient of ISI was 1.59 ± 0.05, showing no significant difference compared with the normal group (**[Table 1](#T1){ref-type="table"}**).

Discussion {#sec1-4}
==========

The main findings of this study show that: (1) During the third and fifth weeks after SNc lesion, the discharge frequency of mPFC pyramidal neurons noticeably increased, whereas the discharge frequency of the interneurons decreased. In both types of neurons there was an increase in tendency to exhibit burst-discharge pattern. (2) In rats with MD lesion, the discharge frequency of mPFC pyramidal neurons was dramatically increased, while the discharge frequency of interneurons was markedly decreased. (3) During the third week after the SNc + MD combined lesion, no significant change in the discharge frequency of mPFC pyramidal and interneurons was observed compared with normal rats. However, during the fifth week after the SNc + MD combined lesion, the discharge frequency and pattern of mPFC neurons were very similar to those in rats with SNc lesion only.

Spontaneous discharge activity of mPFC neurons after SNc lesions {#sec2-13}
----------------------------------------------------------------

The mPFC mainly receives dopamine afferent fibers from the ventral tegmental area and expresses two dopamine receptors, D1 and D2 (Walsh and Han, 2014). The electrical and chemical stimulation of the ventral tegmental area can inhibit the spontaneous discharge activity of PFC pyramidal neurons (Lewis and O'Donnell, 2000; Tseng et al., 2006). When 6-OHDA was used to destroy the medial forebrain bundle there was a reduction in the expression of D1 and D2 receptors in the PFC of rats (Wang et al., 2005). It can be inferred from the results of these studies that 6-OHDA injection into the SNc caused the degeneration and necrosis of dopamine neurons in the ventral tegmental area of rats. Simultaneously, the expression of dopamine receptors in mPFC decreased, leading to the disinhibition of pyramidal neurons.

The discharge frequency of mPFC interneurons in SNc-lesioned rats decreased, which may be due to the following reasons. First, dopamine fibers from the ventral tegmental area innervate interneurons expressing D1 and D2 receptors (Vincent et al., 1995; Bjorklund and Dunnett, 2007; Ranganath and Jacob, 2016). Electrophysiological studies have also demonstrated that chemical stimulation on the ventral tegmental area can excite fast-spiking interneurons of the PFC, activate D1 receptors, and also increase the excitability of fast-spiking interneurons (Seamans et al., 2001; Gorelova et al., 2002). We postulate that 6-OHDA toxicity results in a decreased number of dopamine neurons in the ventral tegmental area, as well as a reduction in D1 and D2 receptors expressed on the mPFC neurons. This would result in the reduced discharge frequency of interneurons. Second, the mPFC also accepts 5-hydroxytryptamine innervations from the midbrain raphe nuclei in mice (Muzerelle et al., 2016). 5-Hydroxytryptamine axons mainly form synapses with PFC interneurons in monkeys. *In vitro* electrophysiological experiments also demonstrated that 5-hydroxytryptamine-positive nerve fibers can depolarize most of the interneurons in the superficial layer of cortex (Foehring et al., 2002). The reduction of 5-hydroxytryptamine level in the mPFC might be another reason for the decreased discharge frequency of interneurons in the SNc-lesioned rats.

The discharge patterns of neurons are determined by their own cellular properties and neural modulation from other brain areas. Studies have shown that unilateral lesion in the nigrostriatal pathway resulted in the discharge frequency of 5-hydroxytryptamine-positive neurons increasing significantly in the dorsal raphe nucleus and median raphe nucleus of rats. There was also a tendency for neurons to burst-discharge (Wang et al., 2009). mPFC neurons receive a large number of 5-hydroxytryptamine-positive nerve fibers from the raphe nuclei, which makes mPFC neurons more prone to burst-discharge.

Spontaneous discharge activity of mPFC neurons after MD lesions {#sec2-14}
---------------------------------------------------------------

The MD is strongly associated with the PFC both in structure and function and represents the primary subcortical structure projected onto the PFC. Neuroanatomical studies have shown that the interactive projection between the MD and PFC is an excitatory glutamate fiber (Cruikshank et al., 2010; Barad et al., 2012). In a series of electron microscope studies, Kuroda et al. (1998) described that the nerve fibers projected by the MD mainly formed synaptic connections with pyramidal neurons in PFC. More recently, several workers have found that the γ-aminobutyric acid-positive local circuit interneurons also receive an input from the MD (Floresco and Grace, 2003; Kuroda et al., 2004; Rotaru et al., 2005). This suggests that MD cells could not only control the firing activity of PFC pyramidal neurons, but also modulate the activity of inhibitory γ-aminobutyric acid neurons. It has been demonstrated that axons produced by MD neurons directly act on parvalbumin interneurons and excite these neurons, thereby mediating the feed-forward inhibition of mPFC third-layer pyramidal neurons (Delevich et al., 2015). A previous study reported that at 10 to 15 days after the MD was damaged by kainic acid, the number of PFC neurons excited was reduced to 18% (Ferron et al., 1984). In this study, we speculated that MD lesions, caused by ibotenic acid, impair the excitatory input from the MD on mPFC interneuron activity. As a result, the interneurons showed a decreased mean discharge frequency compared with normal rats. As described before, these interneurons have a strong inhibitory regulation effect on pyramidal neurons *via* a local circuit. Thus, the mean discharge frequency of mPFC pyramidal neurons noticeably increased.

Spontaneous discharge activity of mPFC neurons after combined SNc and MD lesions {#sec2-15}
--------------------------------------------------------------------------------

One of our most striking findings is that during the third week, after the combined lesions, no significant change in the discharge frequency of mPFC pyramidal and interneurons was observed. The MD mainly sends out fibers to the PFC, while the MD also receives fibers from the amygdala, olfactory cortex, basal ganglia and hippocampal formation (Kuroda and Price, 1991a, b; Ray et al., 1992; Timbie and Barbas, 2015). A study of the effects of converging projections to the PFC indicated that the MD may play a role in modulating the inhibitory effects of dopaminergic afferents from the ventral tegmental area on PFC neurons (Ferron et al., 1984). Stimulation of the median raphe nucleus inhibits the neuronal discharge of the mPFC induced by the MD (Mantz et al., 1990). The median raphe nucleus is one of the main sources of 5-hydroxytryptamine transmitter in the brain. It appears that the 5-hydroxytryptamine neurotransmitter system is a modulator for MD regulation of the mPFC. Further studies are necessary for a better understanding of the effect of morphological and functional changes of the dopamine and 5-hydroxytryptamine transmitter systems on the mediodorsal thalamic prefrontal loop in the Parkinsonian states.

The complex fiber connection and function of the MD in the brain makes it is easy to infer that the motor and non-motor features of PD have a causal relationship with MD function disorder. Until recently, however, little was known about the relationship between the MD and PD. This preliminary study has begun to investigate the relationship between the MD and PD non-motor symptoms and related brain regions. It will be necessary to obtain detailed knowledge of the influence of functional deficits of the MD and/or the disturbance of innervation of the PFC from the MD at different stages of PD.

In conclusion, the discharge frequency and pattern of pyramidal neurons and interneurons in mPFC were significantly different at 3 or 5 weeks after unilateral SNc lesions in rats. The discharge activities of the two kinds of neurons also changed significantly after the MD was damaged. However, in group 5, where the ipsilateral MD was damaged one week after the SNc lesions, the abnormal discharge of pyramidal neurons and interneurons in mPFC was reversed. However, damage to the MD 3 weeks after the SNc lesions did not reverse the abnormal discharge activity of either type of neuron. These results suggest that the MD is involved in regulating the neural activity of the mPFC. It suggests that the functional changes of the MD may be associated with the occurrence of mPFC dysfunction in PD. The functional defect of the MD or/and the effect of MD fiber innervation on the mPFC at different stages of PD may differ. These experimental results contribute to a functional explanation for neuropsychiatric symptoms such as depression, anxiety and mood disorders in PD patients. They may provide guidance in the treatment of PD non-motor symptoms and other neuropsychiatric diseases.
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